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1I. Statement of the Problem

The research summarized herein was aimed at characterization of
the binding site for Ptychodiacus brevis neurocoxins in nerve tissues.
To achiovo this objective, we have performed the following tasks:

I1] propared synaptosoro: from rats, fish, and turtles according
to astablished procedures;

[2] determined the dcgbee of toxin PhVU-3 binding to each
spocies synaptosomes using tritiated PbTx-3 as specific probe, and have
determined apparent dissociation constants (Kd) and binding maxima
(B x);

(max3 1  determine, using the rat system, on- and off-rates of
binding, reversibility of binding, and binding under depolarizing
conditions;

(4) determined the degree of displacement of labeled PbTx-3 by
other naturally-occurring and synthetic derivative of brevetoxins in
each species synaptosomes:

(5) determined the degree of displacement of labeled brevetoxn
from its specific site (Site 5) by natural toxins specific for specific
binding sites 1-4;

(6) characterize each potontial competitor in terms of
oompe'"tivn, non-competitive, uncompetitive, mixed, or lack of
"inhibition pattern;

(71 construct and examine brevetoxin photoaffinity labels for
displacing ability in the rat system.

For purposes of this narrative summary of the work performed, each,
task enumerated above will be treated under separate headings.

III. Summary of Results GeneTated

A. Synaptosome Preparation
Excitable tissue preparations were obtained fresh daily from live

animals using the techniques described by Dodd et q!. (1). Frozan
synaptosomes (-800 C) were useful when a large series of experiments was
to be performed; synaptosomes from several animals could be pooled to
provide a reasonable tissue correlation for several days experiments.
Non-specific binding was higher in these preparations, however.
Protein was measured on each synaptosome preparation using the Bradford
technique (2).

Synaptosomes from rats, turtles, or fish are prepared in
approximately the same manner with minor exceptions. Turtle
synaptosomes are slightly more dense than are rat synaptosomes, and are
collected at a 0.32M/1.2 M sucrose interface following
ultracentrifugatvon. Fish synaptosomes require the •,dditIot, of 370 mbt
sucrose during ultrocentrifug-tion and during experiments to maintain
iso-isomolarity with fish serum. In contrast to turtle and rat
synaptosomes, fish synaptosomes do not demonstrate specific binding
bcyoad the P2 Q .6p during purif!ration.

B. Measurement of Labeled Toxin Binding
S1. flijitý.Sed__xj0n___ sia. Tritiated sodi.um borohydride.

NaB H is available at specific activities approaching 80 Ci/mmole.
Reduction of the eg-unsaturated aldehyde function in PbTx-l or PbTx-2
results in PbTx-7 and PbTx-3. respectively, with specific activities
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25X that of the reducing reagent (ca. 20 Ci/mmole). A reduction of the
a-mathylene in either PbTx-7 or PbTx-3 results in toxins uith specific
activities twice that of the primary reduction toxins (ca. 40
Ci/mmol o).

2. B l--ga~a, Binding of tritiated PbTx-3 was measured
using a rapid cencrifugacion technique. All binding experiments were
corluoted in a binding medium consisting of 50 mM HEPES (pH 7.4), 130
A4 choline chloride, 5.5 mM glucose, 0.8 mi magnesium sulfato, 5.4 mM-
potassium chloride, I mg/mL bovine serum albumin, and 0.01% Emulphor EL-
620 as an emulsifier (3). In addition. 370 mM sucrose was added to
fish synaptosome experiments to maintain iso-osmolarity (4).

Synaptosomes, suspended in 0.1 mL of bindLjig medium minus BSA,
were added to a reaction mirture containing I HI PbTx-3 and other
effectors in 0.9 mL of binding medium in 1.5 mL polypropylene microfuge
tubea. After mixing and incubating at the desired temperatures for I
hr, samples were centrifuged at 15,000 x g for 2 min. Supernatant
solutions were sampled for the measurement of froo roxin
concentrations, and the remainder was aspirated in each case. Pelleted
synaptosomes ',,er rapidly washed with 4 drops of a wash medium
consisting of 5 mH HEPES (pN 7.4), 163 mM choline chloride, 1.8 mM
calcium chloride, 0.8 mM magnesium sulfate, and 1 mg/mL BSA, Pellets
were transferred to liquid scintillation vials containing 3 mL of
liquid scintillant, and the bound radioactivity was measured using
liquid scintillation techniques. Nonspeciflc binding was measured in
the presence of a saturating concentration of unlabeled PbTx-3 and was
subtracted from total binding to yield specific binding. Dissociation
constants and binding maxima are summarized in Table I.

Table IL Comparison of Dissociation Constant (K,) and Binding
Maximum %Bmax) In Fish, Turtles. and R,.s.s* -

K B Temp. Optimum Specific Binding
Species (n) (pMol/mg Ootein) ( C) at Kd

Fish 6. j. 1.40 23 80%
Turtle 1.5 2.25 4 Box
Rat 2.6 6.80 4 90%

*mean valu's for Kd and B n-9,4,6 for fish, turtles, and rats
respectively. max'

A preliminary comparison of specific binding of tritiated PbTx-3,
tbTx-7, PbTx-9, and PbTx-10 indicates an equivalert B , and a
progression of EK valuOe which pa.rallel thO rOlativC- potmn(M's of the
labeled bravetoxfns. Th's is a further indication to us that binding
affinity is tho conservative requirement in the potency of the
brevetoxins (Table JI), and further, that we may be able to utilize the
toxins which are of higher specific activity for more detailed receptor
characterization (5).
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Table TI. Comparison of K and B for Four Different TritiatedBrgvotoxin'4robas

(n ) (pmoleslw8 protein)
Toxin K tx

PbTx-3 2A13 6.99
PbTx-9 8.76 6.75
PbT!C.7 1.91 6.38
SPTxO 1.56 6.46

G. on- and Off- Rates, Reversibility of Binding, and Binding under
Depolar•ring Condiuions
Our evidence indicates that, at a Kd concentration of tritiated

PbTx-3, the t for on- and off-rates approximate 1-2 minutes. A
closer approxiikAhon cannot be derived utilizing present protocols.
There is no membrane potential dependence of brevetoxin binding to the
high affinity, low capacity binding site known as Site 5. K d 2. I
(intact), 2.9 (lysed), 3.3 (depolarized) and B -6.01 (intact), 5.83
(lysod) and 5.75 pmoles/mg protein (depolarizedpa%6).

D. Degree of Diaplacement of Labeled PbTx-3 by Other Naturally-
Ocourrina and Synthatia breveaoxin Derivat'ives
Rogardless of the organism used for synaptosomal preparations. it

is apparent to us that the topographic characteristics of thy
brevetoxin binding site on the VSSC are comparable. Using brevotoxins
PbTx-1, -2, and -3. IG. data for specific dtsplacemenr of tritarted
Pbrx-3 shows comparablg data in each case (Table III). The more
hydrophobic typo-2 brevetoxins are most efficacious in their ability to
compoto for site 5 binding (7). It is of interost to note t|hat
ciguatoxin is thought to resemble brevetoxin-A.

Table III. Speciflc Displacement of [ 311 PbTx-3 from Synaptosome
Binding by Unlabeled brevetoxins, Comparison with LD50

C7ompe t tr
Toxin• Concentration (rM)

Txin Turtle Fish (2) Rat (3) Fish
(ICs50) (IG 50) (IC50) (LD50)

PbTx-l 3.0 30 3'5 4.
PbTx-2 10.3 70 17.0 21.8
PbTx-3 15.0 110 12.0 10.9
PbTx-5 ---- 13.0 42.5
PbTx-6 . ... 32.0 35.0PbTx- 7 ----.... 4.1I 4.9

Tritiaced toxin concentrations were (0.03) l0.0.and (2) 12.0 nM.



Inhibition constantit have beon dotarmined In each of the canes
indicated in Tabla IV above by utilling the Kd conaentration of
tritiatod PbTx-3, end the following equation:

K I CS0/(l+Ci d),

where K - the inhibition constant. IC.o - the 50% inhibition
concentrition of the competitor, C- eritiatol( PbTx-3 concentration, and
Kd is the dissociation constant of the lab (Table iV).

Table IV. Inhibitoun Conwtane. Eor Dorivativa Brovvtoxins
Derived from the Chong-Prusoff* Equation

ToxinK,(nl

Turtle Fish Rat

PbTx-1 .. .....- =O 39 10.10 0. 72

PbTx-2 1.34. 23.57 3.51
PbTX-3 1.96 37.04 2.47
PbTx-5 ........ 2.68
PbTx-6 ........ 6.60
PbTx-7 .... .... 0.85

*see discussion under heading 7, of this roport. K derived in this
manner require pure competitive inhibition for validit4.

9t inhibition oE Bravatonin Blflin-i, by Nakur"A Site 1-' Toxlust
There was nO difference Ln brevetoxLn binding In the presence of

site I (totrodotoxin or saxitoxin). Site 2 (veratridino or
batrachotoxin), Stte 3 or 4 (the scorpion r.oxirs) (3). Thus, the Site
1-4 natural toxins are classified as =a• competing with Sito 5, tho
breveroxin binding site. However, the two structural backbones of
brovetoxin appear to differentiata botween a hiSh affinity, low
capacity...and a lower affinity, high capacity binding sie. It is
LIJi. letter site, we b4lievo, that has been often implicated in
alloaterle modulation in sodium channel binding by natural toxins.

F. Doelieation of Two Drevotoxin lMindirg Sitos
During the contract pert.od, we have become increasing unsettled

with respoct to two apparently contradictory sets of information.
First, the brevetoxins bind with an affinity constant which is
vuisiutetlty in the 1-5 nA-•O Vcentrarlon range, in good agreaemnt writh

affinity data for other poteat marine toxins like naxitoxin (6). in
addition, the binding maximum in synaptosornos is also in good agreement
w'th data for Site I toxins, which are known to bind to channels with a
1:1 stoiciometry. l1owever, the allostoric modulation of soditun channel
binding by other natural toxins by brovetoxins occurs at bravotoxin
concentrations much higher, ca. 20-100 rdi (9). This data is
inconsistent with high affinity, low capacity binding (10).

Converse to this allostoric modulation which occurs at higher
brovetoxin concenrra?.tons. is the finding rhnr membrnn, depTalrizaton

( V) 2 Ui(1), "Na (3) Infl.. and -. di-"'"PiACiL of i-riti.4Ltec
brevetoxin binding by unlabeled competitors, is dose dependeui iii the

9



sa1-e onnyation ranges observed for the high afEinity bindin• site
(7). Thus, thd allosteric mr'Iulation at other sodium channel binding
sites appears to arise £rom brevatoxin interaction with a lower
affinity, high oapacity binding site.

Using l-auvical Rosenthal autalysis, we have been able to
distinguish two separato specific brevetoxin sites (Tablo V).

Table V. The Two Brevotoxin Binding Sires

SSite Kd Bmax AllostericS~Modulator

5 2.6-3.3 5,7-6.8 No
* 79.1-300. 61 /-180 Yes

*not numbered until furrher work can be accomplished.

The two site hypothesis is supported by brevetoxin inhibition
constant data and double iociprocal cometition plots, which indicate a
deviation from competitive type patterns to non-competitive type
patterns at higher competitor brovetoxin concentrations, Thi non-
competitive displacement appears to be specific in nature, and is not
likely duo to changes in membrane fluidity. But. certainly more
investigation is required before concrete conclusions can be offered.

0. Photaafftnity Probe Syn-thesie and 8pecific Displaoement
Expeitmeonto

We hbave aueeoe(d W producing I:wo photoasfinirty probos wihuLi can
be covalently a•rtched to tcxin PbTx-3. Those two acompounds are: PbTx-
3-.j-&zidobenzoyl eater and PbTx-3-1-hydroxyphnoyl -3-R-azidopheny1
propionyl .rhylene diamuin monoamido. The former compound should be
amenable to riltiation of the PbTx-3 moiety prior to coupling: the
latter 4'ompound is amenable to pro-tritium labeling of the toxin moiety
or post-radioactivo .odino labeling in the ring of the photoaffinity
portion of the coupled probe. Both cuopounds possoss inhibition
constants for displacmoent of tritium labc ed PbTx-3 from its specific
binding sit* in rat brain synaptosomes of 3.09 and 10.3 nH.
rospectively. Thus, we concltuie they bind to Site 5 with sufficient
affiniLy to be of use to us in ident:ifying the brevetoxin binding
componont.

In the latter case, we beiiewv we have produced a toxin derivative
with solubility characteristics close to unaltered PbTx-3, and hence
will be of greater use in identifying the binding component in intfict
s'napteoomev. A minor problem was encountered in producing h!Ah yield
products from the toxin coupling to affinity probe, however, in
sibsequeut experiments. This was solved by protecting the phenolic
group on the photoaffinity portion of the molecule to prevent self-
condensation (the coupling function on the toxin PbTx-3 being an
alcohol, also). Protecting with a cyclohe.yl functionality, with
subsoquont cleavage after brov-:.oxin condensation, appoars to provide
the solution. These reactions are currently being evaluated, and
products aro being spectroacopically anaylyzed by FT-XR to provide the
ove.donce for structure integrity and indentity.
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!1. Solubilization of the Brovatoxin Binding Site
. ouiia.u. For purposes of Site 5 purificearon from rat

brain syn' oso0s, it was necessary to solubilize the wmwbrane bound
protein w,. :, deergent. Froren gynaptosomes in 5 mL synaptosome binding
medium t15)(-80 C) from a single rat brain were thawed and centrifuged
at 130,000 x g for 35 minutes. The pellet was resuspended in 2.5 mL of
a solubilization medium consisut! . of: 100 mH choline chloride. 20 mM
IIEPES (p11 7.4), 0.05X egg phosphatidyl choline, 0.1 mH PMSF, 1 mM
iodoacetamide, 0.001 mM pepstatin A, and I mM o-phenanthrolino.Over a
period of 20 minutes. 0.25 mL aliquots of 4t Triton X-100 were added
until 2.5 mL total detergent had been added. The resulting suspension
containing solubilized membrane components was centrifuged at 150,000 x
g tor 40 minutes, end the supernatant solution wav saved. A portion
was examined for specific binding activity using tritiated PbTx-3. To
the remainder of the supernatant solution was added lOmM final
concentration of calcium chloride.

2, Column ChX&Mga RU. Sephaoryl S-300 was packed in a I cm x
37 cm column and was washed with two bed volumes of mobile phase
consisting of: 0.1% Triton X-100. 0.02% egg phosphatidyl choline. 50 ma
choline chloride, 10 mM |EPES, 10 MH calcium chloride, 0.02% sodium
azide. and the protease inhibitors at concentrations used for
solubilization. The flow rate was adjusted to 2 psi, and the column
was standardized. Solubilized synaptosomes were loaded on the column
and fractions wore collected from void volutne to total volume.
Bradford proteii and specific brovetoxin binding activity was assessed
in each fraction using the binding protocol established for brevotoxdn
radioimmunoassays (16). another solubilized specific brevetoxin binding

~~~~h Pr-1-.- which~' bin4rd ri-tiatad PbTx.3 i toii
manner will be pooled and subjected to pui•ificatioan by brevotoxin
affinity column chromatography uaing the column mfn.tix described in the
previous section.

3. Status_ of Purifiatioii. The results of coupling reactions
indicate that we were successful in coupling PbTx-3 to AH Sepharose
4B. Using a small amount of tritiated PbTx-J in the reaction mix as
tracer, we calculate about a 25Z efficiency in coupling. U0o Cre
currently atlempting to improve on efficiency.

Prelimitiary results employing the afifnity column deal solely with
brovotoxin specific antibodies as specific binding model system. The
results indicate that we can pass crude IgG solutions through the
column, wash with excess phosphate buffer (until no protein Is detected
in oluuent) and then simply strip brovetoxin-specific antibodies from
the column with 3 H NaCi solution. We feel the coupling is a success
and that the affinity column faasibility has been demonstrated. We
have successed in demonstr'aving that solubilizad membrane protein from
rat bxain synapLosomeS can be separatod ni Seph.&-.yl A-300 "-u...
(size fractionation). Of the fractions collected, significant
specific binding of tritiated bravetoxin PbTx-3 was seen in fractions
30-37. Similarly, significant amounts of protein wore demonstrated in
the same fractions. The sie to which this large protein peak
corresponds Is in the 230.000 to 350.000 dalton molecular weight
range. This suggests that the brevetoxin binding componutit interacts
with the *-subunit of voltage-sonsitlve sodium channels in rat brain
sykap>tosowes. There is little specific bcev.jcoxii binding in any other
smal ler molecular weight range, furl:her iiluSt iating that brevetoxins
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do not likely interact with either of the P-subunits. This finding,
coupled with our already known facts about specific brevetoxin binding
being retained in solubilized sodium channel, gives us an excellent
potential for isolating and identifying the brevetoxin binding
component in excitable tigsues.

IV. Conclusions
The brevetoxins bind to a unique receptor site associated with

excitable memoranes. The site, which possesses a Kd of 2.6-3.3 nM and
a B of 5.75-6.0 pmoles/mg protein, is present in rat, fish, and
turt1 e brain synaptosomes. This high affinity, low capacity site, is
accompanied by a lower affinity, higher capacity site which is
currently under investigation. The high affinity site is known as Site
5, and binds toxin with half-maximal 2 pffinity and avidity at
noncentrations which yield half-maximal Na ion influx and half-
maximal nerve membrane depolarization. Toxin binding at this high
affinity site is membrane-potential independent and does not interact
with any of the previously described sodium channel binding sites.

The binding characteristics of the lower affinity site correlate
well with observed allosteric modulation observed in Sites 1-4 of the
voltage-sensitive sodium channel. Photoaffinity probes incorporating
breveatoxin in a covalent form displace brevetoxin from the binding site
of high affinity, underscoring their potential as specific probes for
purification of the site. Both size chromatography and brevetoxin-
affinity chromatography, following solubilization of the site from
membraties holds promise for isolation, purification, and
characterization of the specific site. The Scope of Work outlined in
the original contract has been completed.
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